Regulation of gene expression is usually separated into cis and trans components. The separation may become artificial if much of the variation in expression is under multigenic and epistatic (e.g., cis-bytrans) control. There is hence a need to quantify the relative contribution of cis, trans, and cis-by-trans effects on expression divergence at different levels of evolution. To do so across the whole genome, we analyzed the full set of chromosome-substitution lines between the two behavioral races of Drosophila melanogaster. Our observations: (i) Only Ϸ3% of the genes with an expression difference are purely cis regulated. In fact, relatively few genes are governed by simple genetics because nearly 80% of expression differences are controlled by at least two chromosomes. (ii) For 14% of the genes, cis regulation does play a role but usually in conjunction with trans regulation. This joint action of cis and trans effects, either additive or epistatic, is referred to as inclusive cis effect. (iii) The percentage of genes with inclusive cis effect increases to 32% among genes that are strongly differentiated between the two races. (iv) We observed a nonrandom distribution of trans-acting factors, with a substantial deficit on the second chromosome. Between Drosophila racial groups, trans regulation of expression difference is extensive, and cis regulation often evolves in conjunction with trans effects. K nowledge of the genetics of complex traits is fundamental to modern medicine, agriculture, and evolutionary biology. Among all complex traits, gene expression as phenotype may be most amenable to genetic analysis. The first question about expression regulation naturally is whether there is a cis component and how strong the cis component is. (cis regulation refers to the control of expression by the gene itself whereas trans regulation refers to the influence of the genetic background.) Many studies have addressed this question at various levels of divergence (1-9). For example, one may measure the expressions of two alleles at the locus of interest in a common genetic background (usually F 1 s) (1, 2, 5). Because the collection of trans-acting factors in the same cellular environment is assumed to affect the two alleles equally, asymmetric allelic expression implies differences due to cis-regulatory divergence. Similarly, expression quantitative trait loci (eQTL) mapping permits inference of cis regulation if the eQTL is mapped closely to the expressed gene itself (6-10).
K
nowledge of the genetics of complex traits is fundamental to modern medicine, agriculture, and evolutionary biology. Among all complex traits, gene expression as phenotype may be most amenable to genetic analysis. The first question about expression regulation naturally is whether there is a cis component and how strong the cis component is. (cis regulation refers to the control of expression by the gene itself whereas trans regulation refers to the influence of the genetic background.) Many studies have addressed this question at various levels of divergence (1) (2) (3) (4) (5) (6) (7) (8) (9) . For example, one may measure the expressions of two alleles at the locus of interest in a common genetic background (usually F 1 s) (1, 2, 5) . Because the collection of trans-acting factors in the same cellular environment is assumed to affect the two alleles equally, asymmetric allelic expression implies differences due to cis-regulatory divergence. Similarly, expression quantitative trait loci (eQTL) mapping permits inference of cis regulation if the eQTL is mapped closely to the expressed gene itself (6) (7) (8) (9) (10) .
A second question is how strong cis regulation is relative to trans regulation. In the extreme case where most expression variation is controlled by cis-trans interactions (e.g., joint actions of cis elements and transcription factors), the question would not be very meaningful because cis and trans components are both indispensable. It is desirable to explicitly model expression regulation to include cis, trans, and cis-by-trans control. Many kinds of data allow such explicit modeling. The use of large numbers of recombinant strains for expression analysis is a common approach (6, 7) . Such an analysis, however, requires extensive genotyping on many recombinant lines, and each line may receive only limited attention (see Discussion for detail). A simpler alternative is to construct a complete set of whole-chromosome substitution lines, which make it possible to measure gene expression repeatedly under the control of the same chromosome combinations.
The genetic architecture, specifically the relative contribution of cis and trans regulation, may also depend on the extent of divergence between the subjects under comparison. Between two randomly chosen genomes from the same population, it is possible that the 5Ј-regulatory regions have not differentiated much, and the cis component may be small. When two genomes have diverged, both cis and trans effects would become greater, and their relative magnitude becomes less predictable.
Clearly, the level of divergence should be an important parameter in the analysis of cis vs. trans effects. However, genetic differences between species generally make their hybrids unhealthy, resulting in difficulties in chromosome replacement. On the other hand, individuals or lines from same population may be too similar to have much cis effect. Populations that have shown some degree of phenotypic divergence provide a reasonable balance. The Zimbabwe race of D. melanogaster vis-à-vis the cosmopolitan populations are thus well suited to such a purpose. Females from Z lines (for Zimbabwe) do not readily mate with males from M lines (for melanogaster of the cosmopolitan type), whereas the reciprocal crosses experience much weaker or no discrimination (11) .
In this study, we used a standard M (Fr) and Z line (Z30). These two lines have been extensively analyzed for their behavioral, physiological, and molecular divergence (11) (12) (13) (14) (15) (16) (17) (18) . The purpose of this study is to dissect the genetic architecture of transcription regulation. By comparing the expression differences between the two parental (Fr and Z30) and six substitution lines [constructed by Hollocher et al. (11) ], we were able to determine the contribution of cis, trans, and cis-by-trans components to gene expression. some. The IV chromosome is not monitored and is a mixture of Fr and Z30 when the substitution lines were constructed. Note that the three major chromosomes in each substitution line were extracted as a whole without recombination [see Hollocher et al. (11) ].
After image analysis, background correction, and normalization, the log-2 expression intensities were analyzed by using a linear mixed model with fixed effect for different fly lines and a random effect for arrays. The residuals from the normalization model were subjected to gene-specific models of the form r ijk ϭ ϩ A i ϩ D j ϩ G k ϩ ijk , where G k is kth genotype (k ϭ 1-8) and will be specifically modified in each section below.
We first identified genes that are differentially expressed between ZZZ and MMM by t test. Four kinds of t tests were used, and we considered only genes that pass all four t tests. The genetic control is then analyzed by studying the expression in the six substitution lines. At a false discovery rate (FDR) of 0.01, 188, 493, 534, and 15 genes on the X, II, III, and IV chromosome, respectively, were found to be differentially expressed between MMM and ZZZ (Dataset S1). These genes are distributed among the four chromosomes much like the rest of the genome (P ϭ 0.23 by 2 test). The mean expression ratio of the more highly expressed line over the less highly expressed line is 1.69. We did not include the 15 genes on the IV chromosome, because the substitution lines could not be identified by their IV chromosome origin.
Average Effects Across All Genes. The full model for the genetic control of expression differences is given as
where A i and D j represent effect of spot on the array and dye effect, respectively. With three chromosomes, the expression of each gene can potentially be explained by seven different terms-the three singlechromosome effects (Chr X etc), the 3 interaction terms between any 2 of the 3 chromosomes (Chr X,II , etc.) and the highest level interaction with all three chromosomes. To apply this model, we took two different approaches. In the first approach, we computed the proportion of variance contributed by each of the seven terms, averaged across all 1,215 genes (n ϭ 188 ϩ 493 ϩ 534, see above). In the second approach, we examined the relative contribution of each term for each individual gene. Although we are mainly interested in the genetic control for each gene, the average patterns across loci, which usually have better statistical support, may provide the corroborative evidence to the gene-by-gene analysis.
The average proportions of variances contributed by the seven terms are given in Table 1 . These proportions are presented for genes on each chromosome separately as well as jointly. Note that the four interactive terms collectively account for 32.3% (equal to 27.1% ϩ 5.19%) of the total variance. Because the analysis includes interactions between genes of the same chromosome in the category of single-chromosome (noninteractive) effect, the actual level of genetic interaction underlying expression variation should be Ͼ32.3%. (Assuming the number of interacting genes is proportional to chromosome size, we estimate that the withinchromosome interactions might augment the reported 32.3% to nearly 50%.) Given that the contribution of interactive terms to expression variation is nonnegligible, the distinction between cis and trans regulation may not always be straightforward.
Testing Models of Pure Cis* and Pure Trans* Control. In this section, each gene was individually analyzed. We first tested the two simplest models of genetic control. In the pure cis model, the expression level is fully controlled by the gene itself with no influence from the genetic background. In the pure trans model, the expression is controlled entirely by the genetic background with no input from the expressed gene.
We distinguish between chromosomal cis effect and genic cis effect. Because the genetic resolution is at the whole-chromosome level, we use the notations, cis* and trans* effect, for the wholechromosome analysis in the statistical models. Cis* effect is the combined effect of the (true) genic cis effect and all trans effects of genes on the same chromosome of the expressed locus. Cis* effect is an overestimate of the true cis effect, and trans* effect does not include same-chromosome trans effects. In Table 2 , we present the cis* and trans* effect; the true cis effect is estimated in Table 3 .
A likelihood ratio test was preformed for the pure cis*-effect model, which is r ijk ϭ ϩ A i ϩ D j ϩ Chr l ϩ ijk , where l is the chromosome from which the expressed gene is located (l ϭ X, II, or III). The alternative model expands the ''Chr'' term above into the full model of Eq. 1. above. In Table 2 , it is shown that the cis*-effect model is accepted over the alternative full model for only a small fraction of genes. At the nominal acceptance rate of 5%, the percentages of genes regulated by a complete cis* effect on X, II, and III chromosome are 6.9%, 2.4%, and 10.1%, respectively, with an average of 6.5%. Given that the cis* effect (at only 1.5% above the nominal rate of 5%) is still an overestimate of the genic cis effect, it seems safe to conclude that not many genes between the Z and M lines are purely cis regulated. As a corollary, 93.5% of the genes must have a trans component in their regulation.
We next test the complete trans*-effect model in which gene expression is controlled exclusively by trans chromosomes (e.g., the II and III chromosomes for X-linked genes). The null model of this test is r ijk ϭ ϩ A i ϩ D j ϩ Chr m ϩ Chr n ϩ Chr m,n ϩ ijk , where m and n are the two trans chromosomes (m, n ϭ X, II, III). The Table 1 . The proportions of the total genetic variances in expression differences explained by each of the seven terms (the first column) of Eq. 1
Chromosomal effect Gene location
Genic cis effect, % X, % (n ϭ 188) II, % (n ϭ 493) III, % (n ϭ 534) All, % (n ϭ 1,215) These proportions are averaged across all genes on X, II, and III and all chromosomes as shown in columns 2-4. Standard errors are given in parentheses. The last column gives the proportions of variances explained by the genic cis effect (see Results). The genic cis effects are separately estimated for two groups of genes-non-race-differentiating and race-differentiating genes (see Results). The estimates are shown in brackets and braces for the two groups, respectively alternative is again the full model described above. At P ϭ 0.05, the percentages of genes regulated entirely by the trans* effect are 7.4%, 37.1%, and 4.5% for the X, II, and III chromosome, respectively ( Table 2 ). Because the sums of the first and third row of Table 2 are far Ͻ100%, the bulk of genes must be jointly regulated by cis and trans chromosomes.
A surprising finding in Table 2 is that genes on chromosome II appear to be subjected to weak cis* control and relatively strong trans* control. Given the near parity in gene number between the two autosomes, such a chromosome-wide difference in transcription regulation demands an explanation. The answer appears to be a difference in trans-regulating capacity for genes differentially expressed between Z and M across chromosomes (see below).
Selecting the Best Model for Each Gene. The criteria for pure cis* and pure trans* effect by the likelihood ratio test above may be too stringent to have much explanatory power. An alternative is to search for the best model for each gene by applying the backward selection method with Akaike information criterion (AIC) (19) . In this analysis of model selection, each of the seven terms of genetic effect in Eq. 1 is sequentially removed according to AIC, until further removal resulted in worse fit. Different search criteria including Bayesian information criterion (BIC) and likelihood ratio test (LRT) were also used for model selection. Because the results from these methods are in qualitative agreement, we shall present only the AIC model selection in some detail. The results from BIC and LRT are in Table S1 and Table S2 .
In our analysis, 77 genes could not be unambiguously assigned to a specific model and were removed from further analysis. Among the 1,138 genes analyzed, the best model is a singlechromosome effect model for 21.4% of the genes (Table 3) . In these cases, only one of the three terms, Chr X , Chr II , or Chr III , is needed in the selected model. A more complex twochromosome model is as follows: All models that include the Chr X,II term or contain both the Chr X and Chr II terms are grouped into the XϩII two-chromosome category, provided that all other terms containing the chromosome III effect are not needed. A parallel procedure is used for XϩIII and for IIϩIII, respectively. Among these categories, 28.6% of the genes can be explained by the control of two different chromosomes (that act either independently or jointly). All three major chromosomes are necessary to explain the expression differences for 50% of the genes. Nearly 80% of the genes are regulated by two or three different chromosomes for their expression.
Note that Tables 1 and 3 present very different information. For example, (X,II) in Table 1 is for the interactive term only, whereas ''X and II'' in Table 3 indicates the presence of effects from both X and II, which include both interactive and additive terms. In Table 1 , the average contribution of a single chromosome ranges from 6.7% to nearly 40%. It is therefore not unreasonable to see only 21.4% of genes whose expression variation is entirely attributed to the effect of one single chromosome.
Multichromosome control can be either additive or epistatic. In Table 3 Table 3 are influenced by epistatic interactions. Because we cannot account for epistatic interactions between genes on the same chromosome, the percentage 70.3% could be a conservative estimate. The common occurrence of epistatic interactions underlying gene expression again suggests the limitation of a strict cis vs. trans dichotomy in describing the genetic control of gene expression.
In comparison with the results of Table 3 , Table 1 shows that the average contribution of the epistatic component to the total variance of expression across all loci is Ϸ32%, as mentioned above. Thus, whereas the average epistatic effect is 32%, for nearly 30% (100% Ϫ 70.3%) of the genes, the epistatic effect is statistically indistinguishable from 0%. The distribution of the epistatic effect among genes appears fairly broad.
Estimating the Pure Cis Effect at the Genic Level. The proportion of genes controlled solely by the cis* chromosome is estimated to be 9.6% (Table 3 and column 1 of Table 4 ). Because the chromosomal cis* effect includes both the genic cis effect and intrachromosomal trans effect, the estimate of 9.6% is most likely an overestimate of the genic cis effect. (Without *, cis denotes genic cis effect.) The The numbers of such genes, classified by the chromosomal effect and gene location, are given. The numbers in brackets are adjusted for the size of the chromosome where the regulated genes are located. They correspond to the numbers of differentially regulated genes per 2,000 genes. The numbers of genes on the microarrays from the X, II, and III chromosome are, respectively, 1,992 (rounded off to 2,000), 4,509, and 5,324. The data in parentheses are percentages.
question is how many genes, if any, would show a genic cis effect if the overestimation is removed. In this section, we will estimate the proportion of genes that are controlled solely by the cis element. This proportion is of course no more than 9.6%. (In the next section, we will estimate the proportion of genes that show a genic cis effect, accompanied by some trans effects in the background.)
To estimate the genic cis effect, we need to evaluate the intrachromosomal trans effect and subtract this effect from the wholechromosome cis* effect. We hence compared the trans-acting effects of each chromosome on the other two chromosomes and on itself. By doing so, we would know whether intra-and interchromosomal trans effects are comparable. In Table 1 , the trans effect of X on the II chromosome accounts for 21.14% of the variance. The corresponding percentage for the III chromosome is 20.56%. The two numbers are close with an average of 20.84%, suggesting that the trans-regulating strength of X is similar across target chromosomes. For chromosomes II and III, the two interchromosomal trans effects are also very close, Ϸ7.7% and 32.5%, respectively. Thus, each chromosome's trans effects on the other two chromosomes are rather consistent.
We cannot directly evaluate the intra-vis-à-vis interchromosomal trans effect but indirect evidence can be obtained as follows. Trans-acting factors may affect the expression of a gene by interacting with either its 5Ј or 3Ј end. On the 5Ј end, transcription factors (TFs) interact with their binding sites to regulate the level of expression. On the 3Ј end, miRNAs interact with their target sites posttranscriptionally, often resulting in the degradation of transcripts (20) . We searched for transcription factor-binding sites (TFBS) that have been experimentally verified. Table S3 shows that TFBSs appear evenly distributed among trans and cis chromosomes. Furthermore, using the TARGETSCAN algorithm (21), we compiled and separated microRNA targets that are located on the same chromosome as the microRNAs from other predicted targets. The chromosomal distributions of the microRNAs and their targets also appear random with respect to chromosomal origin (see Fig. S2 ). In short, for the two major classes of trans-acting factors (TFs and microRNAs), the assumption that intra-and interchromosomal trans effects are comparable seems reasonable.
Although the targets appear to be independent of the chromosomal location of the trans-acting factors, these factors themselves may not be randomly distributed because there is a large difference in the average trans effect of each chromosome. The difference is particularly notable between the two autosomes. Although the II and III chromosomes are roughly of the same size, the proportion of variance contributed by the latter is Ͼ3-fold as high as that contributed by the former. In contrast, the X chromosome contributes as much as 2/3 of that of chromosome III, whereas it is slightly greater than half the size of the latter.
A most interesting feature of Table 1 is the difference between cis* and trans* effects. For X, the cis* effect is 30.33%, whereas the two trans* effects are 21.14% and 20.56%, respectively. The difference between the cis* effect and the average trans* effect, at 9.49%, is highly significant (P Ͻ 10 Ϫ8 ). In the last column of Table  1 , we refer to this difference as ''genic cis effect''. The patterns are also true for the two autosomes with the genic effects are 5.27% and 7.05%, respectively (P Ͻ 10 Ϫ6 ). We estimate the genome-wide genic cis effect at Ϸ6.7%. Again, the contribution of pure cis effect to expression variation is quite modest, leaving substantial room for trans effects and for cis-by-trans interactions. The similar procedure may now be applied to estimating the number of genes that are under pure cis regulation (or those that have a cis component in the next section). In Table 3 , when the number of genes with expression difference on each chromosome is adjusted for the size of chromosome, the cis effect is also detectable. The effect of X on X is seen in 24 genes (per Ϸ2,000 genes), but in only 9.7 or 12.7 genes for the effect of X on II or X on III, respectively. The average of the two latter numbers is considered the trans-acting effect of X. In the last column of Table  3 , the trans-acting effects per 2,000 target genes are shown to be 11.2, 3.4, and 20.1 for X, II, and III, respectively. Each chromosome's trans effect appears comparable on different target chromosomes, but there is a large difference in the average trans effect of each chromosome. Adjusted for its size, chromosome II is deficient in its trans-acting effect in comparison with the other two.
The number of differentially expressed genes on each chromosome that are under cis* effect is reproduced in column 1 of Table  4 . The estimated number of genes with functional cis-regulatory polymorphisms is thus the difference between the number in column 1 of Table 4 and the estimated number of genes under same-chromosome trans control (see Materials and Methods). For example, the number for the X chromosome is 12.8 (24 Ϫ 11.2), or 7.5%, as shown in column 2 of Table 4 . For II and III, the proportions are 2.2% and 2.7%, respectively. Among all genes that are differentially expressed between the Z and M genomes, only 3.2% are purely cis regulated (genic cis effect only).
Estimating the Inclusive Cis Effect at the Genic Level. In the Z-M system, the proportion of differently expressed genes that are purely cis regulated, at 3.2%, is almost negligible. A more useful estimate may be the proportion of genes with a detectable cis effect regardless of the presence or absence of other effects. We suggest the term ''inclusive cis* effect,'' which is defined as follows. The inclusive cis* effect for any X-linked gene is the summation of terms that include X. In other words, the effect is defined as including any combination of the following four terms in the selected model: Chr X ϩ Chr X,II ϩ Chr X,III ϩ Chr X,II,III . We define ''inclusive cis (genic) effect'' similarly; i.e., the summation of all genetic effects that involves the gene itself.
We first estimate the number of X-linked genes with an inclusive cis* effect, which is 142 (24 ϩ 11 ϩ 38 ϩ 69 from Table 3 ), shown in the row of X in Table 4 . These are cases where the X chromosome plays a role (singly or jointly with other chromosomes) in the expression of X-linked genes. The same procedure is used for other chromosomes. On average, 78% of the expression differences have an inclusive cis* effect, and chromosome II indeed has the lowest percentage of such genes (column 3 of Table 4 ). Like the estimation of genic cis effect shown in column 2 of Table 4 , we extrapolate the interchromosomal trans effect (which is observable) to estimating the intrachromosomal trans effect. We use X-linked genes as an example. We need to estimate the cis effect of x, xϩII, xϩIII, and xϩIIϩIII, where the lowercase x denotes individual X-linked genes (rather than the whole X chromosome). The cis effect of x, in terms of the number of genes affected, has been shown to be 12.8. The cis effects of xϩII, xϩIII, and xϩIIϩIII are estimated to be 2.76, 0, and 3.9, respectively (see Materials and Methods). The inclusive cis effect for X-linked genes is therefore 19.5 (12.8 ϩ 2.76 ϩ 0 ϩ 3.9), or ЉCis* effect onlyЉ is for the genes regulated only by the cis chromosome. ЉInclusive cis* effectЉ indicates the involvement of the cis chromosome in gene regulation, either singularly (cis* effect only) or jointly. The genic cis effect is estimated by subtracting the estimated number of genes under intrachromosomal trans control (see Materials and Methods) from the number under cis* control. Genes controlled only by cis effect (Genic cis effect) were estimated only from a single chromosome. ЉInclusive genic cis effectЉ was estimated from all the terms that involves the cis chromosome.
11.4% of the affected genes. Across all chromosomes, 13.9% of genes have an inclusive cis effect (column 4).
In summary, only 3.2% of differentially expressed genes are purely cis regulated but, when inclusive cis effect is considered, 13.9% are cis regulated. This comparison means that (i) trans effect dominates the regulation of gene expression at this level of divergence, and (ii) when there is cis effect, cis regulation often occurs in a genetic background where trans regulation is also in operation. The conclusion is consistent with the estimate of the average genic cis effect across all genes, which is 6.7% of the total variation, as shown in Table 1 .
Cis Effect in Race-Differentiating vs. Non-Race Differentiating Genes.
We now address the issue whether the relative strength of cis regulation increases as the level of divergence increases. Among the 1,138 genes of Table 3 , 238 are considered the more divergent group by the following criteria. In a separate study using multiple M and Z lines, 421 genes were labeled ''race-differentiating'' (Y.F. and H.-Y.W., unpublished work). For each of these 421 genes, the mean expression of the 24 M lines is significantly different from that of the 15 Z lines at FDR Ͻ0.01. Among the 421 genes, 238 are also represented in the set of 1,138 genes analyzed in Table 3 and are referred to as ''race-differentiating'' genes. The remaining 900 genes are ''non-race-differentiating'' because their expressions are different both between the Fr (the MMM line) and Z30 (ZZZ) lines and among different M and different Z lines.
We computed the average genic cis effects separately for the two groups of genes, as shown in Table 1 . When all genes are considered, genic cis effect accounts for 6.7% of the expression variation. This proportion increases to 8.83% for race-differentiating genes and decreases to 5.95% for non-race-differentiating genes. The difference is 2.88% (P Ͻ 0.05, two-tailed t test).
In Table S4 , we again analyzed each gene individually. For race-differentiating genes, the percentages of genes with an inclusive cis effect are 45.1%, 32.3%, and 29.6% for X, II, and III, respectively; the average is 32.0%. For ''non-race-differentiating'' genes, the percentages of genes with a significant inclusive cis effect are 14.3%, 15.3%, and 10.9% for X, II, and III, respectively; the average is 13.2%. The proportion of genes that have a cis-regulatory component is Ͼ2.5 times higher among ''race-differentiating'' genes than among the set that are not race-differentiating. Moreover, the magnitude of changes for race-differentiating genes is generally higher than for the non-race-differentiating ones. The mean fold differences are 2.32 for the former and 1.59 for the latter.
Discussion
By analyzing the complete set of chromosome substitution lines between the M and Z races, we have been able to quantify the relative contribution of cis and trans regulation as well as the interaction between the two components. The limitation of this study is that it could only estimate the proportion of cis-regulated genes without knowing their identity. A number of previous studies (6, 7, 22) , especially those of eQTL analysis, have addressed similar questions. In this study, a full set of whole-chromosome substitution lines, in all possible combinations and kept as permanent stocks, permit repeatable analysis to obtain quantitative estimates of cis, trans, and cis-by-trans effects. Given the reproducibility, we were able to tease apart the within-chromosome trans effects and true genic cis effects (see SI Materials and Methods). Previous studies using random F2 segregants (9, 10) or F1 hybrids (2, 23) did not systematically quantify cis vs. trans effects and rarely addressed the magnitude of the interactive cis-by-trans terms.
At the level of divergence analyzed in this study (between racial groups of the same species), the genetic control of expression is already quite complex, and the contribution of pure cis effect is very modest. Multigenic control, of which cis-by-trans interaction is a most interesting example, appears to be the rule. In the context of complex genetics, the inclusive cis effect may be a useful concept.
A gene is considered as having an inclusive cis effect if the cis factor contributes to the expression variation, regardless of whether it exerts the effect singly or jointly with trans factors.
Seemingly incongruent results from different studies of expression regulation may be resolvable if the distinction between cis and inclusive cis effects is made. Osada et al. (13) used the same set of lines as ours and found the difference in gene expression to be correlated with the presence of the cis chromosome (see figure 1 in ref. 13) . They concluded that cis* effect (using the new notation) is common at this level of divergence. There may appear to be a discrepancy between our conclusion and theirs because strict cis* effect is detected in only 9.6% of all differentially expressed genes in Table 4 . However, because Osada et al. measured the inclusive effect, the discrepancy disappears if we note that 78% of the genes in Table 4 have an inclusive cis* effect.
Likewise, the analysis of expression in the F1 progeny [both between and within species (2, 23)] may be primarily about the inclusive cis effect. This seems to be a plausible suggestion because both cis and trans elements from both parents are present in the F 1 progeny. Again, the extent of cis regulation in these reports appears quite substantial. In comparison, our results (Table S4) suggest that 32% of the race-differentiating genes have an inclusive cis effect. Because the level of cis regulation in this study appears lower than the studies of Wittkopp et al. (2, 23) , which focused on the more strongly divergent genes, the differences might suggest a possible correlation between expression divergence and the strength of inclusive cis effect. As the cis-regulatory sites become more and more divergent, the majority of differently expressed genes can be expected to have a measurable cis effect. This has been reported (23) , and our results (Table S4 ) also support such an interpretation. Other studies have suggested various degrees of cis regulation (1-3, 6, 8, 23, 24) . For example, in the analysis of genome-wide variation in human gene expression, Morley et al. (6) concluded that 19% of 142 genes have only a cis-acting transcriptional regulator. By integrating transcriptional profiling and linkage analysis, Hubner et al. (7) have shown that 35-40% of the eQTLs between two mouse strains were regulated in cis. In yeast the proportion of cis eQTL from different studies ranges from 10% to 25% (1, 9, 25) . The differences may, to some degree, depend on the level of divergence analyzed. (The distinction, or lack thereof, between pure cis and inclusive cis effects also contributes to the variation in the reported estimates.)
As the level of divergence increases from, say, within-species variation to between-species divergence, the strength of inclusive cis effect is expected to increase. Nevertheless, the demarcation between cis and trans effects may become less clear-cut as the interactions between cis and trans factors become more prevalent. We have shown in Table 1 that the contribution of interactive terms to expression variation between populations is Ͼ30% and can be as large as 50%. In the analysis of interspecific F 1 hybrids, Landry et al. (5) have shown that 13 of the 23 misexpressed genes exhibited cis-bytrans interaction. Furthermore, cis and trans factors can interact in opposition to each other. We have observed substantial counterbalancing effects in gene expression between Z and M races (H.-Y.W., unpublished results). Although strong epistasis between genic actions seems complex, it is hardly surprising. Indeed, numerous introgression studies have suggested that strong epistatic interactions underlie fitness-associated characters between races and species [see Wu and Palopoli (26) ; Wu and Ting (27) for reviews].
A surprising finding in this study is the much weaker trans-acting effect of chromosome II, relative to that of the X chromosome or chromosome III. Because X and autosomes have many different evolutionary characteristics (28-31) , the X-II difference may have many explanations. However, the strong contrast between the two autosomes indeed demands an explanation. A suggestion may be that the divergence in the transcription factors (TFs) or trans-acting components on chromosome II is less than that of TFs on chromosome III, because the Z and M races separated. Hollocher et al. (11) and Ting et al. (14) have reported similar chromosome-wide differences. Between the Z and M races, the contribution to behavioral differentiation is substantially larger for chromosome III than for chromosome II.
It has been known that many phenotypic variations between species are subjected to complex genetic control (26, 27 ). An important reason for studying the control of gene expression is that it may ultimately inform about the genetics of these ''classical'' phenotypes, including behavior, disease resistance, reproductive success, and so on. The regulation of expression divergence is indeed complex even at the incipient stage of speciation between the Z and M races. Nevertheless, we can often detect inclusive cis effect, which can then be a link between expression phenotypes and (part of) the genetic circuitry.
Materials and Methods
Fly Strains. One isofemale M line (Fr, hereafter referred as MMM) and one isofemale Z line (Z30, hereafter referred as ZZZ), both of which are commonly used as standards to study mating behaviors (32) , and six chromosome substitution lines MZZ, ZMZ, ZZM, MMZ, MZM, and ZZM (11), were used. For chromosome substitution lines, M indicates that a homozygous X, second, or third chromosome is derived from the MMM (Fr) line, and Z indicates the corresponding homozygous chromosomes derived from the ZZZ (Z30) line. The origin of fourth chromosome is ignored in this setting.
Microarray Hybridization. We designed the hybridization scheme to efficiently estimate differences between MMM and ZZZ lines and chromosome effects (Fig. S1) . Each of six chromosome substitution lines was measured four times, and two parental lines were measured 14 times. One hundred to 150 3-to 5-day-old male flies were starved for 1 hour before sedation on ice. Heads were dislodged from the bodies by using sieves after flies were snap-frozen in liquid nitrogen TRIzolR reagent (GIBCO-BRL) was used for RNA extraction. After precipitation, the RNA was then resuspended and purified with phenol and chloroform. cDNA syntheses were carried out by Array 900 expression array detection kit (Genisphere) with manufacture's protocol. Arrays were from DGRC (the Drosophila Genomics Resource Center) of Indiana University (Bloomington, IN) . We hybridized and washed the samples according to the protocol from DGRC (33) .
Array Analyses. Twenty-six arrays were scanned by using a GenePix Axon scanner, and data were extracted by using GenePix 6 to give Cy3 and Cy5 intensities. The flowing analyses were conducted in the R computing environment (www. r-project.org). We first transformed the data using spatial-intensity joint loess. This was done with the R/maanova package (34) . The transformed log 2 intensities for all 15,552 spot measures y ijk were subjected to a normalization model of the form y ij ϭ ϩ Ai ϩ Dj ϩ ADij ϩ ij, where is the sample mean, Ai is the effect of the ith array (i ϭ 1-26), D j is the effect of jth dye (Cy3 or Cy5), ADij is the interaction involving dye and array, and ij is the stochastic error. In this model, array (Ai) was modeled as random effect and was assumed to have a normal distribution with a mean of zero [N(0, 2 A) ].
Differentially Expressed Genes Between ZZZ and MMM. The residuals from the normalization model were subjected to gene-specific models of the form r ijk ϭ g ϩ Ai ϩ Dj ϩ Gk ϩ ijk, where g is the average intensity associated with a particular gene; G k is kth genotype (k ϭ 1-8). Array (Ai) here and thereafter represents as spot effects on the arrays and is also treated as random effect. A t test was performed to identify differentially expressed genes between MMM and ZZZ. Four kinds of t tests namely, standard t test; global t test, using an estimate of error variance that is pooled across all genes; regularized t test, combing information from gene-specific and global average variance estimates by using a weighted average of the two as the denominator for a gene-specific t test; and Fs test proposed by Cui et al. (35) were conducted to access the number of differentially expressed genes between MMM and ZZZ. We also carried out permutation analysis by randomizing the residuals (within each gene) from the fitted null model 1,000 times and recomputing the t statistics. The result did not differ from those obtained by using standard statistical tables. All above tests were done with the R/maanova package.
The details of model selection, cis/trans estimations, hypothesis testing, and variance component estimation are in SI Materials and Methods.
